A scalable setup using injection by frequency conversion to establish a multipassing cavity for noncollective Thomson scattering on low density plasmas is presented. The cavity is shown to support Ͼ10 passes through the target volume with a 400% increase in energy on target versus a single-pass setup. Rayleigh scattering experiments were performed and demonstrate the viability of the cell to study low density plasmas of the order of 10 12 -10 13 cm −3 . A high-repetition, low-energy, single-pass Thomson scattering setup was also performed on the University of California, Los Angeles Large Plasma Device and shows that the multipass cavity could have a significant advantage over the high-repetition approach due to the cavity setup's inherently higher signal per shot.
I. INTRODUCTION
Thomson scattering has been an important noninvasive, nonperturbative plasma diagnostic for many decades. [1] [2] [3] However, due to the small Thomson cross-section ͑ th = 6.65ϫ 10 −25 cm 2 ͒, Thomson scattering is challenging at low densities ͑Ͻ10 14 cm −3 ͒. In the absence of a more energetic laser ͑or if laser-induced plasma heating is a concern 5 ͒, one can compensate by integrating the signal from repetitive measurements using a high-repetition laser [6] [7] [8] or by sending each laser pulse multiple times through the scattering volume. [9] [10] [11] We present here a new multipassing cavity configuration for using the laser pulse multiple times per shot to perform noncollective ͑incoherent͒ Thomson scattering sampled over a time proportional to the cavity's length. Like other multipassing schemes that use Pockels or Herriot cells, 9-11 our setup allows low density plasmas to be studied by averaging a Thomson signal over several passes. Unlike these other schemes, our setup uses laser frequency conversion to trap the beam in the cavity. 12 It has the advantage that the input laser energy is only limited by the optics' damage thresholds, that the laser beam size is only limited by the size of the optics, and that the probe beam passes through the same scattering volume and is collected at the same scattering angle ͑within alignment errors͒ every cycle of the cavity. This configuration is thus scalable for large diameter, high energy applications such as turbulence diagnostics in tokamaks, 13 where time scales of interest are longer than the cavity sampling time.
II. EXPERIMENTAL SETUP
The overall design of the multipass system is shown in Fig. 1 . The cell is seeded with the University of California, Los Angeles PHOENIX Nd:glass laser, a 1064 nm, 40 mm beam that provides 20 J in 5 ns. The seed laser is frequency doubled inside the cavity, which acts like a spherical resonator.
The cavity is bounded by two 532 nm flat mirrors at 0°i ncidence. To prevent incoming 1064 nm light from being back-reflected toward the laser, the cavity mirrors are mounted orthogonal to each other, and the seed beam enters the cell through a 532 nm mirror, angled at 45°relative to the main beam, located equidistant with the second cavity end mirror from the first focusing lens. This arrangement allows Ϸ90% of the seed beam to enter the cavity while reducing the total back-reflected light by a factor of 10 6 , low enough to operate the glass laser without a large-aperture Faraday isolator. A type 2 potassium dihydrogen phosphate ͑KDP͒ crystal frequency doubles the seed beam to 532 nm ͑with an efficiency up to 50%͒ and is located between the angled mirror and a dichroic mirror. The dichroic mirror, also angled at 45°relative to the main beam and fielded before the first focusing lens, reflects 1064 nm light unconverted by the KDP crystal out of the cavity while transmitting 532 nm light. The two f/20 focusing lenses are placed equidistant from the target and outside the chamber. Antireflective windows coated for 532 nm allow the probe beam to enter and exit the target chamber.
Scattered light from the target is collected with an f/4 lens at a 90°angle relative to the probe beam, focused with an f/6 lens onto a 0.75 m SPEX™ spectrometer, with a 1200 grooves/mm grating blazed at 532 nm, and imagerelayed onto a Princeton Instruments MAX intensified charge-coupled device ͑ICCD͒ camera. The spectrometer has and a 130 Å field of view. Steep ͓⌬͑6 OD-50% transmission͒ = 1.7 nm͔ longpass or shortpass filters mounted immediately before the focusing collection lens block stray light at the laser line by a factor of 10 6 . The collection beam path between the filters and the ICCD is completely enclosed to prevent stray light contamination and the entire spectrometer/ICCD setup ͑including filter and focusing collection lens͒ is enclosed in a light-tight box.
A CCD camera placed in the path of rejected 1064 nm and leaked 532 nm light from the dichroic mirror, with a filter to block 1064 nm light and crosshairs placed next to each cavity end mirror, facilitated cavity alignment. The cell alignment was found to be stable at least over the course of a day.
Photodiodes were placed at the leaks of the cavity end mirrors to gauge the performance of the cell. Each diode recorded the time and amplitude of the light as it made alternating passes through the cell ͑either from the first cavity end mirror to the second cavity end mirror or vice versa͒, tracking how many passes the cell supported and how efficiently the light was transmitted. Figure 2 shows the performance of the cell after combining the information from both diodes. The cell supported Ͼ12 passes ͑six round trips͒ with a travel time of 13.7Ϯ 0.2 ns and a loss of Ϸ30% each pass. The total energy on target was then ϳ4ϫ the input energy ͑after frequency doubling͒ over Ϸ160 ns. The most lossy component of the cavity was the KDP crystal with a measured transmission of ϳ77%. Improvements in the transmissivity of the doubling crystal ͑e.g., 99%; see Ref. 14͒ would result in Ͼ3ϫ more energy on target for a similar number of passes ͑see Fig. 2 inset͒.
III. RAYLEIGH SCATTERING VALIDATION
To estimate the expected Thomson scattering signal from a low density plasma and to validate the performance of the multipass setup, we used the cavity to Rayleigh scatter off air at various chamber pressures and ICCD exposure times. For a given gas density n r , we can estimate the plasma electron density n th that would give an equivalent Thomson scattering signal using n th =n r ͑ r / th ͒, where r and th are the Rayleigh and Thomson scattering cross-sections, respectively. 2 For the Rayleigh scattering measurements, a 300 mJ, 532 nm, 5 ns pulse beam was injected into the multipass cell, and scattered light was collected with a f/6 lens. Figure 3 shows a series of ICCD images for chamber pressures between 150-760 torr and ICCD exposure times between 10 and 125 ns. The images have a 24 Å field of view. The first cavity pass is clearly visible at higher pressures, and the second cavity pass is clearly visible at later times ͑later passes have signals less than the stray light signal͒. The first and second pass centroids are separated by 800 m, corresponding to an Ϸ40 arcsecond pointing error.
At a chamber pressure of 150 torr, the Rayleigh signal was approximately equal to the background RMS noise, representing the limit on the resolution of our system. Since for air r / th =1/ 401, 2 Thomson scattering electron density of Ϸ10 16 cm −3 . Since the Thomson signal scales linearly with laser energy, 1 using the full beam energy ͑ϳ10 J͒ should increase the Thomson signal by a factor of 10 2 , while installing longpass/shortpass filters should reduce stray light by at least a factor of 10 2 . The overall effect is to increase the signal relative to background by a factor of 10 4 , allowing us to measure our target electron densities of 10 12 -10 13 cm −3 .
IV. THOMSON SCATTERING ON THE LAPD
With the goal of providing a performance comparison for the multipass setup, we performed Thomson scattering using a high-repetition, low-energy, time-averaged approach on UCLA's Large Plasma Device ͑LAPD͒, a 1 m diameter, 20 m long cylinder machine that pulses at 1 Hz to produce uniform magnetized He plasmas of densities of the order 10 12 cm −3 and electron temperatures around 5 eV ͑Ref. 15͒ ͓a scattering parameter ␣ = ͑k D ͒ −1 Ϸ 0.01, with D as the Debye length and k the magnitude of the scattering vector k ͑Ref. 1͔͒. We used a single-pass setup with a 1 Hz, 300 mJ, 532 nm, 8 ns probe beam, and a f/3 collecting lens. The spectrum was situated on the ICCD such that stray light at the laser line was cut ͑i.e., only wavelengths up to or larger than the laser line were imaged͒ and the ICCD exposure was set between 3 and 10 ns to minimize the collection of stray light and background plasma emissions. Additionally, to maximize our signal versus detector noise, we setup the ICCD to bin in both pixel directions to achieve a 16ϫ 1 array of superpixels.
We were able to measure an electron temperature of 6.3 −4.1 +5.8 eV by averaging the Thomson signal over 100-1000 shots and fitting a Gaussian curve ͑i.e., a simple noncollective Thomson spectrum͒ to the data ͑Fig. 4͒. 1, 4 This agrees well with the LAPD electron temperature.
However, the small Thomson signal per shot warrants further investigation. Assuming Poisson statistics, we can compare the SNR of the averaged repetitive measurement approach to the multipass cavity using SNR = N th / ͱ N th + N b ,
͑1͒
where N th is the mean Thomson signal and N b is the mean background signal for a laser energy E. For an integer multiple n, the ratio R of the SNR m from one multipass cell shot using a laser energy of n · E ͑i.e., N th → n·N th ͒ to the SNR r from n repetitions with laser energy E ͑i.e., N th → n·N th ,
For large n, R limits to ͱ 1+N b / N th , which is always Ͼ1 as long as some background noise exists. This implies that under the same conditions, the multipass cavity always has an advantage over a low-energy, averaged measurement approach. Assuming similar LAPD conditions as above ͑N th ϳ 30 counts, N b ϳ 650 counts for E = 300 mJ͒, we expect the multipass cell to have ϳ5ϫ the SNR of the corresponding averaged repetitive measurements ͑i.e., R Ϸ 5͒. This will be tested in an upcoming experiment on the LAPD.
V. SUMMARY
We have developed a new multipass cavity configuration for performing noncollective Thomson scattering on low density plasmas that can be easily scaled to large laser energies and shown the viability of this configuration by Rayleigh scattering off air. If optics with proper optical damage properties are chosen, the cell could theoretically focus ϳ85 J on target using a 1 J input laser by using a highly transmissive frequency doubling crystal. We have also shown that our multipass cavity should have a significant advantage over using a high-repetition, low-energy laser to average a Thomson signal from many shots because of the inherently low signal per shot in the high-repetition approach.
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